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Abstract

In this paperwe presenta techniquefor transforminga
tetrahedial meshinto a progressiverepresentatiorbasedon
half edge collapsesThisallowstheefficienttransmissiorf
themeshfroma remotecomputemwhete the simulationwas
computedo a visualizationcomputerDuring thetransmis-
sion the user can start visualizingwhile the transmission
is still in progress. We showa techniquefor progressively
extracting isosurfacedrom the progressivemesh. Starting
with thebasemeshanisosurfaceor a specificvalueis com-
putedand will locally be improved wher a vertex is in-
sertedto themesh

Keywords: tetrahedm, isosurfacesprogressivaneshes,
grid reduction

1. Intr oduction

One of the most usedmethodsto visualize 3D scalar
fields is the extraction of isosurfices. An isosurficeis a
region in the field with a constantscalarvalue, definedas
S(A) = {x € R®|F(x) = A}. In this papemwe focuson scalar
fieldsdecomposethto tetrahedravhich form atetrahedral
grid. In a standardapproachall cellswhich areintersected
by the isosurficehave to be determined. This processis
calledcell seach. For thesecells the isosuricehasto be
computedj. e.,acell triangulationhasto befound.

For simulationpurposeshetetrahedrajridscanbecome
very large. This is essentiablueto the requirednumerical
accurag of the simulation. Thereforeit is often necessary
to useparallelremotecomputerdo performthe simulation
while using a graphicsworkstationas visualizationfront-
end. For the visualizationa variety of stratgjiesare possi-
ble. A flexible approachs to transferthe tetrahedramesh
to theworkstationin a suitableway andto usethis grid for
severalvisualizationmethoddik e theisosuriceextraction.
A maindrawvbackof this approachss that the meshhasto

betransferreccompletelyto theworkstationbeforetheuser
canstartto visualizethe scalarfield.

To overcomethis problem,in this paperwe presentan
approachto transformthe tetrahedralgrid into a progres-
sive representatiowhich canbe usedto extractisosurbices
or useothervisualizationtechniquedik e slicesor volume
renderingon continuouslevels of detail. We exploit grid
simplification techniqueshasedon the half edgecollapse
operatorandtransformthetetrahedrameshinto a progres-
sive tetrahedramesh[17].

To achiere acceptableisualizationresultsalreadyonthe
coarseapproximation®f thetetrahedrabrid, it is essential
to keeptrack of the error originatingfrom the grid reduc-
tion. Eachhalf edgecollapseaddsan approximatiorerror
to themesh.This errorcanbedividedinto differentcompo-
nents.We distinguishbetweenwo differenterrortypes,the
geometricandthe field error. By usinga techniquebased
on error quadrics[6], the reductionalgorithmis steeredo
keepbotherrorcomponentsninimal.

Basedon the progressie tetrahedrakepresentationve
presentan algorithm to extract isosuricesprogressiely
from the tetrahedramesh.By usingthis techniqueyisual-
izing thefield datacanbe startedafterthecoarsebasemesh
is transferredo the visualizationworkstation. The quality
of the isosurficeimproves continuouslyduring the trans-
missionof the grid. We alsocombinea standardapproach
for fastisosurfaiceextraction[2] with ourapproacho enable
afastrecomputatiorof theisosurficeaftertheisovaluewas
changedy theuser

This paperis organizedasfollows. In Section2 we give
a brief overview of existing methodsfor simplifying tetra-
hedralmeshesand extractingisosurfices. We explain our
meshreductionapproachbasedon half edgecollapsesin
Section3 and presentour steeringcriteria for the approxi-
mationerrorin Section3.3. After explaining the progres-
siveisosurbiceextractionalgorithmin Sectiond we discuss
resultsof our algorithmin Section5 andfinish with a con-
clusion.



2. RelatedWork

In this paperwe mainly dealwith thetopicsof meshre-
duction of tetrahedralgrids, progressie transmissiorand
the progressie extraction of isosurbicesfrom the grid. In
this sectionwe discussrelatedapproachesn the field of
meshreductionon 2D and3D meshesandmethoddor iso-
surfaceextractionon 3D grids.

2.1 Meshreduction

Most of thework in thefield of grid reductionwasdone
on triangular meshes. Hoppe [10] presentsan algorithm
basedon the edgecollapseoperatorto simplify triangle
meshes.At eachstepthe edgewith the lowestcostis col-
lapsedandtheinformationto restorethe edgecollapseby a
vertex split is stored.By this algorithma progressie mesh
consistingof acoarsebasemeshandalargenumberof ver-
tex splitsis computed. This canfor examplebe usedfor
progressie transmissiorof the mesh.

GarlandandHeckbert[6] shav anefficientway to keep
track of the approximationerror of the simplification pro-
cessby usingerrorquadrics. Eachvertex is associateavith
an error quadricwhich is computedasthe sumof squared
differencego asetof planes.Whencollapsingavertex into
anotherone, both error quadricsare simply added. There-
fore the algorithmis very fastand doesnot requiremuch
additionalmemory only 10 coeficientspervertex. In [7]
theauthorgpresenainextensionof their methodfor meshes
with surfacepropertiedik e color or texturecoordinatesFor
suchmeshedHoppe[11] presentsan alternatve approach
whichleadsto visually slightly betterresultsandneeddess
memorythanthe methodin [7].

Grid reductionalgorithmsfor tetrahedrabrids basedon
the edgecollapseoperatorwere presentedn [17] and[1].
Here, the requirementdor an edgecollapseon a tetrahe-
dral meshare described so that the meshis still topologi-
cally correctafteranedgecollapseandhasnoelementsvith
negative voluminaandno selfintersectionsThe paperdif-
fer in theway the approximationerroris computed.While
in [17] a simplemethodis explainedto computethe error,
Cignonietal. compardifferentalgorithmsfor computing
theapproximatiorerror.

2.2 Isosurfaceextraction

We divide the relatedwork in two differentareas,grid
reductionandisosuriiceextraction. Themostpopularalgo-
rithm for isosurficeextractionis the Marching Cubesalgo-
rithm proposedy LorenserandCline. It worksfor regular
hexahedralbrids,traverseeachcell andchecksf it is inter-
sectedvy theisosurfice. Thealgorithmworkswith 15 base
casesfor the triangulationof a cell, but introducessome

topologicalinconsistenciesn certainconfigurations.One
way to overcometheseproblemsis to split eachhexahedral
cellinto anumberof tetrahedrandextracttriangulatedso-
surfaceswithin eachtetrahedrorcell [3, 9].

In large mesheanostof the cells are not intersectedy
anisosurbcefor a specifiedsovalue. Thereforetechniques
were developedto be able to efficiently searchfor cells
which contribute to the surface. The SweepingSimplices
algorithm[16] by ShenandJohnsorusesa minimumanda
maximumsortedlist with links from the min-sortedto the
max-sortedist anddirty flagsin themax-sortedist. To fur-
therimprove the performancel.ivnatetal. [13] presented
analgorithmoperatingon the 2D min-maxspanspace In
thespanspacesachtetrahedroris representedsapointin a
2D domainwhereall tetrahedravhichareintersectedby the
isosurficefor a givenvaluelie in a rectangularegion. To
speedipthesearchn thespanspaceCignonietal. [2] pre-
sentechnapproacho useintervaltrees Thisalsoimproves
theworst-caseerformancef theisosuricecomputation.

A differentapproachor meshreductionandprogressie
isosurficeextractionwaspresentedy GrossocandErtl [8].
In theiralgorithm,amultilevelfinite elementapproximation
of agivenvolumedatasets computed A coarsebasemesh
is refinedadaptyely until the globalapproximatiorerrorof
themeshis lowerthanagiventhreshold Basedon this mul-
tilevel approximatiorthey presentanalgorithmto progres-
sively extractisosurfices.Anotheralgorithmfor the adap-
tivereconstructiormf isosurbcesrom volumedatawaspre-
sentedby WestermanrandKobbelt[18]. This methodwas
extendedn [4] to beusedfor web-basedsosurbiceextrac-
tion.

3. Mesh Reduction

Theisosurfceextractionalgorithmin this papetis based
on a progressie representatiomf a tetrahedraimesh9/.
Theideais to find acoarsebasemeshM? in which vertices
areinserteduntil theoriginal meshm" = M is completely
reconstructedTo computesucha coarsebasemesh,a grid
reductiontechniques usedwhich iteratively removesver-
ticesfrom the meshandretriangulateghe hole originated
by the vertex deletion. By doing so, a seriesof tetrahedral
meshes\ = M, M1 M2 .. MO is computed.

3.1 Half edgecollapse

Severalstratgjiesexist to removeavertex fromthemesh.
The mostcommonoperatorfor the simplification of trian-
gle meshesds the well known edge collapseoperator[10].
It removesonevertex andtwo trianglesby memging two ad-
jacentverticesandthusdefinesthe transitionfrom a mesh
M to M1, A positionfor thememgedvertex canbefound
by minimizing anerrorfunctional.



One of the advantageof the edgecollapsein contrast
to othermeshsimplificationtechniquess the simplicity to
inversethe coarseningrocessThisis doneby splitting the
vertex into two, andinsertingtwo additionaltriangles.This
operatoris calledvertex split. Both the edgecollapseand
thevertex splitareshavn in Figurel.

edge collapse
—_—

\ i j i i /  vertex split

Figure 1. The edge collapse and the inverse
vertex split operator .

To be ableto restorethe original meshby a numberof
vertex split operationssomedatahasto be storedfor ev-
ery singlevertex split. Thisis the index of the startvertex
in mesh'—1, the indicesof the two verticesof collaps-
ing triangleswhich areadjacento the startvertex andthe
position of the start/endvertex. Altogetherthis arethree
integersandsix float valuesfor every vertex split.

A restrictionand simplification of the edgecollapseis
theso-calledhalf edce collapse Here,onevertex is moved
into the positionof the othervertex, seeFig. 2. This opera-
tor hastwo advantages.On the onehand,the computation
of thehierarchybecomesnucheasietbecausao optimiza-
tion is necessarjor finding the new vertex positions,onthe
otherhandonly onevertex positionhasto be storedin the
progressie representatioonf the mesh.Only threeintegers
andthreefloatsarestored.Thismakestheprogressiemesh
representatiotrasedon half edgecollapseanore efficient
thana sharedvertex representationf thetrianglemesh.

Walf edge collaps
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Figure 2. The half edge collapse and the in-
verse vertex split operator .

Up to now the operatorshavn work ontrianglemeshes.

In thecaseof tetrahedraineshesheseoperatorsiearlylook
thesame For the half edgecollapseonevertex p; is moved
into the positionof anadjacentertex p; alongtheedgebe-

tweenthevertices.This removestheedgeandall n tetrahe-
draaroundthis edge.We namethis operatiorheqp; — pj).

To beableto restorethe positionandthe scalarvalueof the
removed vertex after the half edgecollapse,the index of

the removed vertex andthe indicesof the verticesaround
the edgehave to be stored. This arefour float valuesand
n+ 1 integer valuesfor onevertex andn tetrahedra.This

againneeddessinformationthanthe normalsharedvertex

representation.

Pj Pi

Figure 3. Configuration of 4 tetrahedra around
the edge from pj to pi. These tetrahedra will
be deleted by the half edge collapse .

3.2 Thereductionalgorithm

Up to now we have definedthe topologicaloperatorgo
deletea vertex from the mesh. To computethe coarseap-
proximation M of the given meshM a sequencef half
edgecollapsesasto be specified.

The basicmeshsimplification algorithm now works as
follows. A weight function is definedwhich associates
weight for eachhalf edgeof the mesh. This hasto be
done,becausén generatheweightAE (hedp; — pj)) will
be differentto AE(hedp; — pi)). Then,all half edgesof
the mesharesortedinto a priority queueaccordingto their
weight. Thefirst edgeis takenfrom the queue.It hasto be
checledwhetherit is forbiddento collapsethe edge. This
canhave differentreasonsvhich werealreadyextensvely
discussedn [17]. It is notallowedto collapseanedgewith
a startvertex on the boundaryof the meshif the edgeitself
is not on the boundary This checkcanbe performedvery
fastbecausehe flags whetherpoints or edgesare on the
boundarycanbe precomputed.

Theotherclassof testsis moretimeintensive. They have
to be performedon the configurationof the tetrahedraafter



eachcollapse.Thefirst oneis the testfor flipped or folded
tetrahedra.This canbe doneby checkingthe voluminaof
the tetrahedraaroundthe remainingvertex of the collapse
operation. The volumeof a tetrahedronTy,cq is computed

by
VT::—édel(b—a,c—a,d—a) (1)

If oneof thevoluminabecomesegative the collapseoper
ationis notallowed.

The secondproblemof this classare self intersections
of the boundaryof the tetrahedraimesh. This testis very
expensve. In our implementatiorwe try to avoid this test.
Thisis possiblefor mosttetrahedraimeshesf theboundary
geometryis taken into accountwhen computingthe edge
costsfor a half edgecollapse.

If all testsarepassedandthe edgeis allowedto be col-
lapsedthe half edgecollapseis performedandits entryin
the priority queueis deleted. By the collapsethe weights
for edgesn theneighborhooaf thedeletededgemayhave
changeandhaveto berecomputedAfterwardsthepriority
gueuehasto beupdated.

This algorithmwill be performedaslong asthe priority
gueueis notemptyandsomeotherconditionsarefulfilled.
Sucha conditioncould be basedon the global approxima-
tion erroror onthe numberof verticesor tetrahedralready
deleted.

3.3 Controlling the approximation error

As describedn the last sectionwe have to computethe
erroraddedto the meshby a half edgecollapse.Our mesh
reductionalgorithmhasto be suitablefor simplifying very
complex meshesvith somemillion tetrahedraThereforeit
is necessaryo have an algorithmwith linear memoryand
time consumption.

Therearedifferenttypesof errorswhich arisewhencol-
lapsingan edge. The error typeswe considerin our cost
function are the geometricerror AEy, the field error AE¢
andthe shapeerror of thetetrahedra\Es. Thetotal costof
anedgecollapses thencomputedasa weightedsumof the
threecomponents:

AE(hedpi — pj)) = Wg* AEg+ Wt x AEf +Ws* AEs. (2)

The choiceof the weightsin our implementationis up to
the userfor individually tuning the resultsof the reduction
procesdor his needs.

GeometricError:  Wemeasurandcontrolthegeometric
error with the help of error quadricswhich were proposed
by GarlandandHeckber{6]. Theideaof theerrorquadrics
is quite simple. The sum of the squareddistancefrom a

vertex p = [pxpyp1]" to the planesthat meetat that point

is
d(p) = (e'p)? 3)
ecplanegp)
which canberewritten as
d(p) = (pTe)(e"p)
ecplanegp)
= PT( Ke)p
ecplanegp)
=p'Qp

wheree=[a,b,c,d]" definesa planeax+ by+cz+d =10
wherea? +b? + ¢® = 1. So the error quadricQ is repre-
sentedasa 4 x 4 symmetricmatrix which requires10 float
valuesto store.

To evaluatethe costsAE, of anhalf edgecollapseon the
boundaryof the meshwe have to compute

AEg(hedpi — pj)) = p] (Qi +Qj)p;- (4)

As mentionedearlier becauseof usingthe half edgecol-
lapsewe do not needto find an optimal position for the
commonvertex but just to classifythe errorintroducedby
thecollapse.

Field error: Evenmoreimportantthanthe geometricer
ror is thefield error of the scalarfield definedby the tetra-
hedralgrid. If thefield erroris nottreatedproperlythenthis
errorwill becomeapparentvhenvisualizingthe datasebn
acoarsdevel.

Whenremoving a vertex from the meshby a half edge
collapsethefield is only changedn the 1-ring of tetrahedra
aroundtheremovedvertex onlevell. To find anappropriate
error measurdor the field error thereforeonly this region
Q hasto betakeninto account. As shavn in [1] we can
usethe integral over the squareddifferencesbetweenthe
scalavaluesin theactualandin the original meshoverthat
region:

AE(hedpy =) = 17 [ 1S(P) =S Hp)Pdp (9

Evaluatingthis formula at the verticesof the original mesh
whichlie in Q leadsto agoodapproximatiorof thefield er
ror. But oneproblemis thatthe evaluationof thefield error
becomeslower while the grid reductionproceeds.There-
fore we decidedto usea local error estimationwhich only
compareghe region Q beforeand after the half edgecol-
lapse. Again we approximatethe evaluationby only eval-
uatingthe formula on the verticesof the finer level, in our
casep;. Sothesimplifiedformulanow is

1

AE¢(hedp; — pj)) = ﬁlg(pi) ~31p))?  (8)



Shapeerror: For someapplicationsotonly thegeomet-
ric andfield error of thereducedmeshare essential Espe-
cially whenusingsimplified meshedor multilevel methods
for numericakimulationghe shapeof thetetrahedras very
important.

Thereare several possibilitiesto computea shapemea-
sureof a singletetrahedronjike the aspectratio. Sucha
shapemeasurehasto be invariantundertranslationsyota-
tionsandscaling.We needa measurevith apredefinegos-
itive valuefor an equilateraltetrahedrorand larger values
for degeneratedetrahedra.As shown in [5] the condition
numberof the matrix S transformingan equilateratetrahe-
dronto anarbitrarytetrahedron canbe usedfor defining
suchashapemeasure.

W—l '\A
— —

Figure 4. Transforming an equilateral to an
arbitrar y tetrahedr on

As shavn in Figure4 the matrix S= AW~ canbe split
into two matricesA andW. A transformsa right-angled
referenceetrahedrorinto thetetrahedrorm, W transforms
thereferencaetrahedrorinto anequilateratetrahedronwW
is constanindcanbe computedas

o N|$|I\)I i
el

1
w=]0
0

To get a shapemeasurédor the tetrahedrorelementT
we now have to computethe condition numberk(S) =
[IS]1/|S~|| with the Frobeniusnormof S definedby

lISl| = [tr(STS)]2

A tetrahedrakhapemeasures now definedby M(T) =
K(S) — 3. So an equilateraltetrahedrorhasa value of 1
andflat tetrahedrdnave a valuesof infinity in thelimit case.
To measurehe shapeerror AEs of the half edgecollapse
hedqpi — pj) we computethe averageof the shapemea-
suresof all n trianglesaroundthevertex pj, i. e.,

AEs==S M(Ty)

1

Sl
]

=
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4. Progressve Isosurfaces

Numericalsimulationsoften cannotbe computedon the
local PC becausef the speedandthe memoryneededor
thecomputationThereforehesimulationshave to becom-
putedon large computeravhich may only be connectedy
slow dataconnectiongo the local visualizationcomputer
By transforminga tetrahedradrid into a progressie repre-
sentatiomasshown in thelast section,it is possibleto start
renderingthe grid after the basemeshis completelytrans-
mitted. This basemeshis normally very small, only about
1% of the original grid. Onthis coarsegrid it is alsopossi-
ble to startvisualizingthe dataconnectedwith the grid. In
this sectionwe will shav how isosuricescanbe extracted
progressiely from thetetrahedrormesh.

4.1 Extracting isosurfacedr omtetrahedral meshes

The extraction of isosurficesfrom tetrahedralscalar
fieldsis easietthanfrom regulargrids. For regulargridsthe
standardapproacHor computingisosurficesis the march-
ing cubesalgorithm[14]. Becauseof the eightcornerver-
ticesof anhexahedronwve get 256 possibilitiesfor the ver-
ticesto have greateror lessewvaluesthantheisovalue. Dis-
regardingthe symmetriccasesye endup with 16 different
possibilitieshow theisosurficecanintersecta hexahedron.

In the caseof tetrahedrahereonly 16 differentsettings
for the cornerverticesandwe end up with threedifferent
casesln thefirst caseatetrahedroris notintersectedby the
isosuriceandnothinghasto bedone.In thenext casethree
edgeof thetetrahedrorarecut by theisosurficewhich re-
sultsin onetriangle.In thelastcasefour edgesof thetetra-
hedronareintersectedy theisosurficewhichwill produce
two trianglesfor the isosurfice. The differentcasesanbe
seenin Fig. 5.

Figure 5. The three diff erent cases for atetra-
hedron to be intersected by the isosurface
and the resulting triangles.

To computethe positionof the verticesof theisosurice
we linearly interpolatethe scalarvaluebetweerthevertices



Vo= (28) andv; = (gll) of theedge;|. e.,

S—%
+ 7
R —— (7

_si-s
S1—%

q

In the third case,wherewe find four intersectionsf a
tetrahedronthetriangulationis not unique.

4.2 Speedingup the isosurfaceextraction

If the basemeshis alreadyvery large, the initial isosur
faceextractionbecomesvery slow. Thereforewe have to
implementa techniqueso thatit is not necessaryo check
all tetrahedravhetherthey areintersectedy theisosurfice.
Quite a lot of work hasalreadybeendonein this research
ared[16, 15, 2].

In a nave implementationeachtetrahedrorhasto be
checledif it is intersectedy theisosurfice. This happens
if thesmallestvaluesmin of acell is lower thantheisovalue
s andthe largestvalue snax is higher In [13] it is shavn
that all elementswith a minimum value syin and a maxi-
mumvaluesyax canbe mappedn the so-calledspanspace
anR? value space. Eachtetrahedrorcell is assignedo a
point position (Smin, Smax) in the spanspace.All tetrahedra
which areintersectedy theisosurbicecannow befoundin
arectangulaareaaborethe X =Y line, whichis shavn in
Figure6.

Y

A X=Y

.
Figure 6. Elements in the Span Space.

Whatis needechow is anefficient strateyy to searchfor
all elementssituatedin the areashavn. Thereforewe di-
vide the spanspaceinto subdomainsand arrangethemin
aninterval treg asproposedirom Cignoniet al. [2]. An
interval treeis a binary searchtreeoverintenal (Smin, Smax)
values. The interior nodesare assignedo a split values.

The split valuesin the left subtreeareentirely lessthans,
in the right subtreeentirely greaterthans. Therearetwo
lists assignedo every nodewheretetrahedrareinsertedf
Smin < S< Snax In thefirst list the tetrahedraare sortedin
ascendingprderfor the minimal value syjp. In the second
list thesameelementsaresortedin descendingrderfor the
valueSmnax

In [2] it wasshown thatthe querycomplexity of thein-
tenval tree datastructureis O(k + log(h)), wherek is the
sizeof the outputandh is the numberof uniqueintervalsin
thetree. This meanghatthe querycomplexity in this data
structuredoesnot dependon the numbermn of tetrahedran
themesh.

4.3 Progressie Refinementof the Isosurface

Many multiresolutionapproachesor extractingisosur
faceswork on the basisof differentlevels of detail. A fast
isosurficeextractioncanbe performedon a coarsdevel of
detail. If theuserhasfoundtheappropriatésovalue,afiner
meshis usedto extractthefinal isosurfice.ln ourapproach
we usethefactthatby thetransformatiorof themeshinto a
progressierepresentationye have givencontinuoudevels
of detail. Eachof the vertex splits hasonly a limited sup-
portwherechangesn the meshhave to be computed.This
meanghatalsotheisosurbicewill changean thatsmallarea
of the mesh. Soonly a few moreoperationsare necessary
to simultaneouslymprove theisosurficewhile refiningthe
mesh.

Whena vertex is insertedby a vertex split thereareonly
changesin the meshin the 1-ring neighborhoodaround
the verticesof the new edge. We only look at the case
of half edgecollapses. Thereforethe startvertex pg does
not changsets positionandwe have threedifferenttypesof
tetrahedrd in the neighborhood:

Tod={T € Mlpoe TAPL¢T}
Tnaw={T E M|po e TAP1E€T}

Tetrahedral, g aroundthestartvertex donotchangeand
theisosurbicedoesnot needto be updated.The new tetra-
hedraZ,ey aroundthe edgehave to be testedwhetherthey
areintersectedy theisosurfice. Thethird grouparetetra-
hedraZnqeq Which wereconnectedvith the startvertex po
beforethe split and are now connectedwith the end ver
tex py of the mesh. In thesetetrahedrahe isosurficemay
have changedandthereforehasto be updated.Thesethree
regionsareshavn in Figure7 for the2D case.

Dueto thelinearinterpolationof the verticesof theiso-
surface,only verticeson the edgeswhich have p; asone
endvertex have to be computed.Verticeson otheredgesn



Figure 7. The three diff erent regions around
an edge inser ted by a vertex split.

the configurationshavn do not changeheir position. After
computingthenew vertex positionsall tetrahedraroundp;
aretestedfor intersectionwith the isosurceandthe iso-
surfaceis updatedocally. This meanswe recomputethe
trianglesof theisosuricefor thosetetrahedraanddeleteor
insertnew trianglesof theisosurbcewherenecessary

If the userchangegheisovaluethe completeisosurtice
hasto beextractedagain.To be ableto usetheacceleration
describedn thelastsubsectionwe have to updatetheinter-
val treewheninsertingnew tetrahedranto the mesh.Here
we usethe sameregionsasfor the progressie extraction
of theisosurhce. Tetrahedran T,y arenotin theinterval
tree and have to beinserted. For the tetrahedran Tmgred
the max/mininterval may have changed. In this casethe
interval treehasto be updatedandthetetrahedranave to be
movedto thecorrectnodein thetree. An updatefor atetra-
hedronwill only occurwhenthe max/mininterval shrinks
andsmin becomedargerthans or syax smallerthans. For
theupdatethetetrahedrons removedfrom theinterval tree
andinsertedagainwith the new interval bounds.

5. Results

We have implementedthe algorithmsdescribedn this
papemwith thelibrary gridlib[12]. Thisis a C++frameawork
library for the managementf 3D adaptve hybrid unstruc-
turedgridsfor integratedsimulationandvisualization.The
gridlib is developedatthe ComputerGraphicd_ab, Univer-
sity of Erlangen.Thelibrary runson PC,SGI workstations
and Hitachi supercomputers.The following experiments
have beenexecutedona PCwith anlintel Plll 700MHzpro-
cessormnd512Mbmemory

We presentresultsfor several datasets:Elec which is
a simulationof an electricalfield with 26288verticesand
142131 tetrahedra;Harmonic representingan analytical
datasetfor one of the sphericalharmonicfunctionswith
anexponentiallydecreasingadialdependengwith 262144

verticesand1572864etrahedraShuttle whichis aresultof
a airflow simulationover a spaceshuttle(190584vertices,
105877%etrahedra).

Firstwe appliedthegrid reductionalgorithmto theelec-
trical field datasetwhich wasreducedo 1288verticesand
7737tetrahedraln Figure8 we shav a visualizationof this
datasetwith anisosurficeanda color-codedslice usinga
post-interpolatontransferfunction. The quality of the re-
ductioncanbe seenby comparingthe coarsdevel with the
full resolutionof thedataset.

In Figure9 weillustratetheprogressie extractionof iso-
surfacesusing the harmonicdataset. The isosurbicewas
extractedon the coarsestevel, correspondingo 5% of the
verticesof the initial dataset.By insertingnew tetrahedra
to the meshthe isosurficeis updatedocally andimproves
fast. In the datasetwith 30% of the original vertex there
is nearly no visible differencecomparedwith the original
dataset.Whenchangingthe isovaluethe surfacehasto be
recomputedn the actuallevel. In Table1 we comparethe
timesfor the recomputatiorof the isosurficefor a speci-
fied isovalueby usingtheinterval treefor optimizationand
withoutusingtheinterval tree.

datasesize triangles time(int. tree) time
5% 14718 0.238 0.376
10% 21538 0.341 0.659
15% 24590 0.418 0.993
30% 28482 0.466 1.579

Table 1. Isosurface extraction times on diff er-
ent levels of detail (in sec.) for the harmonic
dataset.

In afurtherexperimentwe show thequality of thereduc-
tion algorithmfor preservingthe outer shapeof the tetra-
hedralmesh. In Figure 10 we show the boundarytriangle
meshof the shuttle datasein coarse(1068triangles)and
high (45932triangles)resolution. By usingerror quadrics
for the approximatiorof the geometricerrorthe resultsare
comparabléo [6]. By alsoconsideringheothererrortypes
for edgecollapseson the boundary the collapsewith the
smallesigeometricerrorwill notalwaysbe performedfirst.
Thereforethe quality of the approximationcannotbe as
good asin the original work. In Figure 11 we have ex-
tractedanisosurficefrom the shuttledatasetta numberof
resolutionsstartingwith about5% of the original sizeand
going up to about50% of the numberof tetrahedra.Here
againthe progressieimprovementof theisosurbicecanbe
noticed.



Figure 8. Visualization of the Elec dataset with an isosurface and a color coded slice, on the left in
the coarsest and on the right in the finest resolution.

Figure 9. Progressive isosurface extraction in the harmonic dataset, from left to right with 5%, 10%,
16% and 30% of the original size of the dataset.
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Figure 10. Shuttle: The outer shape of the space shuttle is not much influenced by the reduction

algorithm.

of an isosurface for the space shuttle .

Figure 11. Progressive extraction



6. Conclusion

We have presentedhn efficient algorithmfor extracting
isosurficesfrom a tetrahedralgrid which is transmittedin
a progressie representatioasedon half edgecollapses.
With the help of our approachit is possibleto startvisu-
alizing a scalarfield meshedwith tetrahedraalreadyafter
a small basemeshis transmitted. The quality of the vi-
sualizationcan be improvedin continuouslevels of detail
by addingnew verticesto the tetrahedralgrid and locally
adaptingthe visualization. In this paperwe concentrated
ontheextractionof isosurticesput alsomary othervisual-
izationapproachetfik e directvolumerenderingcanbenefit
from the progressie transmission.The ability to adaptthe
resolutionof the meshalsomalesit possibleto achiesein-
teractive framerateson computeraot equippedwith high
endgraphichardware.

Futurework will concentrateon improving the quality
of the coarseapproximationf the tetrahedrabgrid. This
includesdevelopingmoreaccuratesrrormeasurefor scalar
fieldsandalsofor vectorfieldswhichwerenotaddresseh
this paper

Anotherinterestingaskis the parallelizatiorof thealgo-
rithm. The grid reductionalgorithmis time consumingoe-
causeof thehigh computationatostsof theerrorfunctions.
We would lik e to usethe parallelremotecomputemot only
for the simulationbut alsofor the generatiorof progressie
mesh.First testson a SGI Onyx with four processorfiave
shawvn that settingup the priority queuehasa speedup of
factorthreecomparedo usingonly oneprocessar
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